Introduction
============

Adult patients with relapsed or refractory acute lymphoblastic leukaemia (r/r ALL) have a poor prognosis despite intense salvage chemotherapy following an allogeneic hematopoetic stem cell transplant. Overall, the response rate to salvage chemotherapy is only 30--45% and the median survival rate is associated with a treatment-related mortality exceeding \>10% and thus leading to a median survival of only 2--8 months.^[@bib1],\ [@bib2],\ [@bib3],\ [@bib4],\ [@bib5],\ [@bib6]^ Thus, only very few patients with r/r ALL can be cured by standard therapy. To improve patient outcome, new T-cell-based therapies are currently being tested in patients with relapsed/refractory CD19+ B-precursor ALL. Early clinical trials with chimeric antigen receptor-transduced T cells targeting CD19 resulted in a remission rate of 70--90%.^[@bib7],\ [@bib8],\ [@bib9],\ [@bib10]^ In addition, the T-cell-engaging bispecific antibody construct blinatumomab can also redirect T cells to recognize and lyse CD19+ B-precursor ALL cells. The first dose finding trial with blinatumomab as monotherapy in r/r ALL patients resulted in a haematological remission rate of 69%^[@bib11]^ and a 30-month survival of 22.2%.^[@bib12]^ The confirmatory multinational trial demonstrated a clinical activity of blinatumomab in r/r B-ALL patients with a complete remission (CR) of 42% after two cycles of blinatumomab. Response was mainly seen in patients with a bone marrow blast \<50% (CR/CR with partial haematologic recovery (CRh) 73%), whereas patients with \>50% BM blast had a response of 29%.^[@bib13]^ This could be confirmed by the most recent trial comparing blinatumomab with standard of care chemotherapy. This trial shows an improved overall survival of patients receiving blinatumomab (7.9 months) vs patients treated with chemotherapy (4 months).^[@bib14]^ Thus, despite being the most effective therapy in r/r ALL patients in this large phase II trial, 52% of all study subjects in the trials did not respond to blinatumomab. No response was observed in the T-cell compartment, thus blinatumomab is responsible for eradicating CD19+ B-precursor ALL. Within the T-cell compartment, regulatory T cells (Tregs) are a key player in modulating an immune response and have an essential role in the maintenance of immune homeostasis and prevention of autoimmunity. Tregs are characterized by the surface markers CD4/CD25high, CD127dim and the intracellular transcription factor FOXP3, with the limitation of CD25 and FOXP3 being upregulated as well as CD127 downregulated after T-cell activation.^[@bib15]^ Activated Tregs have a distinct cytokine pattern with interleukin-10 (IL-10) and tumour growth factor-β being secreted in high amounts when compared with T-helper type 1 (Th1) T cells.^[@bib16]^ The mode of suppression is mediated by cell--cell contact-dependent modulation of cytokine production and killing of effector T cells.^[@bib17],\ [@bib18]^

In cancer patients, Tregs may have a role in tumour development and immunosuppression by downregulating the effector cells. In murine tumour models and in patients with melanoma, therapy with CTLA-4 (cytotoxic T-lymphocyte-associated protein 4) antibody leads to a decreased number of intratumoral Tregs and a better tumour control.^[@bib19]^ Thus, changes in the number of Tregs may have an impact on the efficacy of immunotherapy. In this study, we asked the questions (i) whether elevated Treg numbers influence the outcome of blinatumomab therapy in r/r B-precursor ALL patients, (ii) how does blinatumomab influence Treg expansion and activity and (iii) can the depletion of Tregs restore the functionality of blinatumumab-triggered T-cell function in B-ALL patients.

Materials and methods
=====================

Cells
-----

The ALL cell line NALM6 (DSMZ no.: ACC 128) was cultured in RPMI-1640 medium supplemented with 10% heat-inactivated fetal calf serum (Biochrom, Berlin, Germany). These cells were used as target cells in our activation, proliferation and suppression assays. ALL blasts from six B-ALL patients with peripheral blast counts over 90% were isolated by Ficoll and used as primary target cells. Cell lines were tested for mycoplasma contamination.

Human blood donors, cell counts and cell isolation
--------------------------------------------------

Blood was obtained from healthy donors and patients after informed consent (ethical approval no.: 214/12). Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient centrifugation using Ficoll-Hypaque (Biochrom). CD4+ T cells and Tregs were enriched by Treg Cell Isolation Kit II (Miltenyi Biotech, Bergisch Gladbach, Germany) according to the manufacturer\'s instructions.

Flow cytometric characterization of T cells
-------------------------------------------

For phenotypic analysis of the Tregs, the following anti-human monoclonal antibody were used: CD4/PerCP (BD Biosciences, Heidelberg, Germany); CD25/FITC (BD Biosciences); CD39/APC (eBioscience; San Diego, CA, USA); FOXP3/PE (BD Biosciences); Helios/Horizon (BioLegend, San Diego, CA, USA); CD127/PeCy7 (BD Biosciences). For analysis of surface markers, cells were incubated at 4 °C for 20 min with a monoclonal antibody. For the staining of the intracellular molecules Fixation/Permeabilization buffers (eBioscience) were used. For T-cell subsets, the fresh isolated PBMCs were washed with phosphate-buffered saline (Sigma, München, Germany)/fetal calf serum 10% (Biochrom) at room temperature. For the surface antigens staining to discriminate the T-cell subsets, CD3/PerCp (BD Bioscience), CD4/Amycian (BioLegend, Fell, Germany), CD8/Pacblue (BD Bioscience), CD45RA/FITC (BD Bioscience) and CD45R0/PE (BD Bioscience) antibodies were incubated at 4 °C for 20 min and evaluated by a fluorescence-activated cell sorter (FACS). Activation markers were analysed after 24 h stimulation with the antibody blinatumomab and target cells as described in the topic proliferation assay. Cells were analysed by the BD FACSCANTOII (BD Biosciences, Heidelberg, Germany) and FlowJo Software (Tree Star Inc., Ashland, OR, USA).

CFSE labelling--proliferation--suppression assays
-------------------------------------------------

A total of 1 × 10^5^ cells per well of naive CD4+CD25− cells were labelled with 1μ[m]{.smallcaps} carboxyfluorescein succinimidyl ester (CFSE) (Invitrogen, Darmstadt, Germany) for 10 min at room temperature and were seeded in a 96-well round bottom plate (Corning Incorporated, Corning, NY, USA) and stimulated with 0.5--1 × 10^5^ cells per well NALM6 or ALL blasts and blinatumomab (50 ng/ml) without further supplements. After 3 days, CFSE signal was analysed by flow cytometry. Proliferation was measured with division index analysed by FlowJo Software (Tree Star Inc.). For suppression assays, Tregs were added at day 0 at a TH cell:Treg cell ratio of 2:1. Suppression was measured 72 h later with the division index method previously described by McMurchy and Megan:^[@bib20]^ 100−(division index of Th cells cocultured with Tregs/division index of Th cells without Tregs)\*100.

Proliferation assay with patient PBMCs: Treg cell depletion
-----------------------------------------------------------

Patient samples were collected on day 0 before the start of blinatumomab therapy. PBMCs were isolated by Ficoll as described previously, and were frozen for later analysis. After thawing frozen PBMCs, all cells were labelled with CFSE. Cells were divided in two groups. As a control, group one was cocultured with NALM6 target cells and blinatumomab at an effector-to-target ratio of 2:1. The second group underwent a Treg cell depletion as described below (depleted Tregs). Cells were stained and analysed by FACS before and after Treg cell depletion.

T-cell depletion
----------------

For selection of CD39+ Tregs, the CD39 APC antibody (eBioscience; San Diego, CA, USA) was titrated to bind only to CD39high-positive cells. Anti-APC beads were also titrated to select highly positive CD39-bound Tregs. Bead isolation was carried out according to the manufacturer\'s instructions. A proliferation assay was performed as described above. Proliferation was also calculated using the division index method.

Transwell suppression assay
---------------------------

CD4 Tregs and non-Tregs from healthy donors were isolated as described above in the section \'Human blood donors, cell counts and cell isolation\'. CD4 non-Tregs were CFSE labelled. A total of 0.5 × 10^5^ Tregs were added to the top chamber of a Corning HTS Transwell-96 Tissue Culture Systems (Corning Incorporated) (0.4 μm pore size) along with 0.5 × 10^5^ NALM6 target cells. The control top chamber was loaded with CD4 non-Tregs along with the same amount of NALM6 cells. At the bottom chamber CFSE-labelled CD4 non-Tregs (0.5 × 10^5^) and NALM6 (0.5 × 10^5^) cells were added. Blinatumomab (150 ml) was added to the sera at a concentration of 50 ng/ml. Proliferation of CD4 non-Tregs in the bottom chamber was measured on day 3.

Flow cytometry-based cytotoxicity assay
---------------------------------------

A total of 2 × 10^5^ CD3 or CD8 effector cells were seeded in a 96-well round bottom plate and stimulated with 1 × 10^5^ CFSE- labelled NALM6 (described above) and 50ng/ml blinatumomab. Tregs were added in concentrations of 1 × 10^5^, 0.5 × 10^5^ or 0.1 × 10^5^, respectively. No Tregs were added for controls. After 72 h, 1 × 10^5^ NALM6-labelled cells were added repeatedly. After 24, 48, 72 and 96 h of stimulation, apoptosis was determined by staining with Annexin V-Alexa647 (BioLegend). Apoptotic target cells were defined as Annexin V+, CFSE+. Staining was measured on a FACS-Canto II and was analysed with the FlowJo Software. Specific reduction of apoptosis was calculated as follows: 100 × ((% Apoptotic target cells in positive control)--(% Apoptotic target cells in Treg samples))/(% Apoptotic target cells in positive control).

Ki67 immunhistochemistry staining
---------------------------------

Ki67 immunohistochemistry in bone marrow infiltrates was performed according to standard protocols.

Cytokine staining with cytometric bead array technology
-------------------------------------------------------

Interferon-γ (IFN-γ), tumour necrosis factor-α (TNF-α) and IL-10 production by blinatumomab-redirected T cells was determined from culture supernatants of the proliferation assay, as described previously, after 24 h using Cytometric Bead Array (BD Biosciences) according to the manufacturer\'s instructions. Quantification of cytokine production was analysed using the FCAP Array v.2.0 Software (SoftFlow, Pécs, Hungary).

Statistics
----------

### Statistical analysis

Student\'s *t*-tests were used for statistical analysis of *in vitro* data to determine the statistical significance (*P*\<0.05). Data were analysed by GraphPad Prism 4.03 program (GraphPad Software, San Diego, CA, USA).

All analyses were performed using the statistical software framework R (version 3.0.1). For categorical variables Fisher's exact test has been used,^[@bib21]^ whereas continuous covariates have been tested with the nonparametric Wilcoxon\'s rank-sum test as implemented in R. A decision tree approach^[@bib22]^ was applied to obtain a first overview of the covariate structure in relation to the classification of the responder and non-responder groups using the rpart R package version 4.1-3. The Gini coefficient was used as a splitting criterion. Logistic regression models were fitted using the glm function as implemented in the R base package. Model covariates have been selected by a step-down approach starting with the full model of all covariates significant in the univariate tests. In each step the LRT (likelihood ratio test) has been used to assess marginal significance, and nonsignificant (significance threshold *P*\<0.05) covariates have been dropped iteratively. To obtain an estimate of the expected classification error, a cross-validation approach was applied as implemented in the CVbinary function of the DAAG package. The data were randomly divided into *n*=10 subsets, where each subset was sequentially removed, whereas the model was refitted to the remaining data and used to predict the response of the omitted patients.

Study approval
--------------

### Patients

Forty-two patients in the MT103-206, 211, 311 trials (EUDRACT 2009-015989-62, 2011-002257-61, 2013-000536-10) and patients outside the trials were immunomonitored in Würzburg.

### Ethics statement

Human studies were performed after written informed consent of the study participants, in accordance with the Declaration of Helsinki, and were approved by the institutional review board of the University hospital Würzburg (No. 214/12).

Results
=======

Between December 2010 and February 2016, 42 patients in our center mainly within and outside the scope of the AMG206, AMG211 and the AMG311 trials were included in these analyses. A comparison of the demographics of our 42 patients with both the 189 patients from the AMG211 (ref. [@bib13]) trial and 36 patients from the AMG206 trial (ref. [@bib11]) was performed. [Table 1](#tbl1){ref-type="table"} shows the patient baseline characteristics. Gender and age in our patient population were comparable to both named trials. Thirty-six per cent of our patients, 34% of AMG211 trial patients and 42% of AMG206 trial patients had a relapse after prior allogeneic hematopoietic stem cell transplantation. Twelve per cent of the 42 patients had no previous salvage therapy when compared with the 20% in the AMG211 trial and 50% in the AMG206 trial. More than one prior salvage therapy lines were found in 88% of our patients, 80% of the AMG211 trial patients and the 50% of the AMG206 patients. Of the 42 treated patients at our center, 22 (52%) had a CR or CRh within the first two treatment cycles. Among the patients, 81 (43%) in the AMG211 trial and 25 (69%) in the AMG206 trial reached a CR or CRh. A bone marrow blast count of \>50% was documented in 26 (62%) of our patients. This is similar to the AMG211 population with 130 (69%) patients out of 189. In the AMG206 trial, the median blast count was 77%. The blast count of \> or \<50% was not reported in the AMG206 trial.

Increased percentage of Tregs in peripheral blood is associated with a reduced response of relapsed ALL patients to blinatumomab
--------------------------------------------------------------------------------------------------------------------------------

Blood samples were collected from 42 r/r B-precursor ALL patients within the blinatumomab MT103-206 and MT103-211 trials, and later on were collected before blinatumomab therapy. Samples were analysed by an immunomonitoring panel as described in the Material and methods section. The Treg cell detection and gating strategy is shown in [Figure 1](#fig1){ref-type="fig"}. In analysing the lymphocyte subsets there was no correlation between the absolute number of T cells and a response to blinatumomab (*P*-value 0.07; [Table 2](#tbl2){ref-type="table"}). In addition, no correlation was seen for CD4+ T-cell (*P*-value 0.42) and CD8+ T-cell subsets (*P*-value 0.6), and also with these compartments of both naive and effector T cells marked by CD45RA/RO expression (naive T cells *P*-value 0.69; effector T cells *P*-value 0.68) ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). The proliferation marker Ki67, which is postulated to be a marker for therapy failure in ALL induction therapy,^[@bib23]^ could be assessed by immunohistochemistry in bone marrow infiltrates in 26 of the 42 ALL patients. There was again no association between the Ki67 values and response to blinatumomab (*P*-value 0.92; [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). We identified the percentage of Tregs in the peripheral blood (TregPercentageCD25FOXP3) with CD4, CD25 and FOXP3 as the most significant marker to identify and differentiate the response to blinatumomab (*P*-value 0.0001). The level of significance of CD4 and FOXP3 (TregPercentage) as Treg markers to differentiate and correctly predict the two classes of patients is lower (*P*-value 0.00024), as shown in [Table 2](#tbl2){ref-type="table"}.

To evaluate whether known clinical factors might influence the response in r/r ALL patients to salvage therapy,^[@bib24]^ we first performed univariate analyses of each factor and then estimated the effect of the covariates in a multivariate regression model.

First, all covariates have been tested separately for significant differences between the responder and non-responder group. Out of nine tested covariates (age, LDH, bone marrow blast infiltration, CD3 absolute numbers, TregPercentageFOXP3, TregPercentageCD25/FOXP3, Tregs/CD3 ratio, sex, allogeneic stem cell transplantation prior therapy), five showed significant differences ([Table 2](#tbl2){ref-type="table"}). LDH in particular showed a highly significant increase in the non-responder group (median 402.5 UI/l) compared with the responder group (median 211.5 UI/l). Similarly, a stark increase in TregPercentageFOXP3 could be observed in the non-responder group (median 14.25%) compared with the responder group (median 8.75%). Furthermore, a highly skewed distribution between the genders of the response groups could be observed. In the bigger cohort of the MT211 study, gender was not a predictable marker for responders or non-responders.^[@bib13]^

All variables that showed significant differences between the responder and non-responder group have later been included into the logistic regression analysis. To obtain a primary overview of the covariate structure regarding their potential to separate the responder and non-responder group, we first fitted a classification tree including all covariates (regardless of the significance in the univariate tests). The resulting decision tree selected only two variables (TregPercentageCD25/FOXP3 and LDH) where the primary split was defined by the Tregs predicting non-responders on a level of 8.525% or higher with an accuracy of 100% (14/0). The second split turned out to be LDH, which further subclassified responders with LDH\<318.5 with 94.7% accuracy. The remaining group of nine patients with a low Treg and high LDH was classified as non-responders with only a low accuracy of 55.6%. In total, the decision tree approach shows an internal accuracy of 88.1%. Cross-validation, however, suggests a pruning of the tree at the first level, leaving only the Tregs as a model covariate. This classifier shows an internal accuracy of 85.7% and an estimated cross-validation accuracy of 81.2%. Nevertheless, the covariate ranking of this rough exploratory analysis is consistent with the results of the univariate tests, where TregPercentageCD25FOXP3 and LDH exhibited the most significant median differences between the groups ([Table 2](#tbl2){ref-type="table"}).

Subsequently, we performed a classical logistic regression analysis to estimate the contribution of the covariates to the risk of response failure. The full model (including all five significant covariates) detected a borderline significant risk association only for TregPercentageCD25FOXP3, whereas gender, LDH Treg/CD3 and bone marrow blast infiltration remained insignificant. The model selection procedure (see Materials and methods section) iteratively dropped nonsignificant covariates and yielded a resulting model with only TregPercentageCD25FOXP3 as a highly significant predictor. This factor is associated with a decrease in therapy responsiveness (OR 0.548 TregPercentage, *P*-value 0.002). To estimate the expected prediction error, we used a cross-validation approach (see Materials and methods secton). This did yield a cross-validation estimate for the classification accuracy of 81.0% as compared with an internal estimate of classification accuracy of 83.3% ([Figure 2](#fig2){ref-type="fig"}).

Tregs are activated by CD19+ B-precursor ALL cell lines and primary B-precursor ALL blasts
------------------------------------------------------------------------------------------

We identified that the Treg number can predict the response to blinatumomab in r/r ALL patients. We aimed to understand the effects blinatumomab has on Tregs after being cocultured with primary B-precursor ALL blasts *in vitro*. CD19 expression was first confirmed on all target cells (data not shown). In the first set of experiments CD4+CD127dimCD25+ T cells from six healthy donors were cocultured with the ALL NALM6 cell line and primary B-precursor ALL blasts from six different patients in the presence or absence of blinatumomab. After 24 h, the expression of CD25, CD69 and PD-1 levels were assessed by flow cytometry. All markers were upregulated in the presence of blinatumomab in the coculture when compared with the isotype control. In detail, PD-1 was upregulated on an average 1.7-fold in Tregs, CD69 expression by 9.6-fold and CD25 expression by 4.5-fold after incubation with primary ALL samples. Upregulation was seen in all tested Treg samples, regardless of whether the ALL cell line NALM6 or primary ALL samples were used ([Figures 3 a and b](#fig3){ref-type="fig"}).

To address the question whether the observed upregulation of Treg activation markers is dependent on the HLA-DR, ICOS-L, B7-H1, CD80, CD86 and CD40 expression ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}) on the target cells, both the NALM6 cell lines and all six primary B-precursor ALL samples were stained for these markers. Interestingly, despite variability in expression patterns ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}), all tested targets of B-ALL blasts and NALM6 induced Treg activation to the same degree (data not shown). These data show that Tregs are activated by CD19+-targeted cells (antibody blinatumomab present) independent of the expression of HLA-DR, ICOS-L, B7-H1, CD80, CD86 and CD40.

Blinatumomab-activated Tregs secrete high levels of IL-10 but low amounts of TH-1 cytokines
-------------------------------------------------------------------------------------------

Tregs demonstrate a distinctive cytokine pattern upon activation. Therefore, CD4+CD127dimCD25+ cells and Th cells (CD4+CD25−) from five healthy donors were cocultured with NALM6 and blinatumomab. The culture supernatant was collected after 24 h and analysed for IFNγ, TNF-α and IL-10 by the cytometric bead array assay ([Figure 3c](#fig3){ref-type="fig"}) in cocultures supplemented with blinatumomab; Th cells produced the TH-1 cytokines IFNγ on an average of 336 pg/μl (s.e.m. 107), TNF-α on an average of 1050 pg/μl (s.e.m. 331) but only 179 pg/μl of IL-10 (s.e.m. 37.7). In contrast, coculture with purified Tregs supplemented with blinatumomab showed that IL-10 was predominately found with a medium concentration of 270.3 pg/μl (s.e.m. 74.6), whereas IFNγ and TNF-α could be detected in a concentration of 3.9 pg/μl (s.e.m. 101) and 119.5 pg/μl (s.e.m. 48). In a control coculture of both Th- and Treg-purified T cells without blinatumomab, no cytokines were detected in the supernatant.

Blinatumomab-activated Tregs are potent suppressors of autologous CD4CD25− cells
--------------------------------------------------------------------------------

The hallmark of Tregs is the suppression of conventional T cells (TH cells) via contact inhibition and/or cytokines. Therefore, 1 × 10^5^ isolated CFSE-labelled Th cells from seven healthy donors were cocultured with CD19+ target cells NALM6 and ALL blasts from seven ALL patients. Resting isolated Tregs were added to the CFSE-labelled effector T cells at a ratio of 2:1 (Th cell:Treg cell) at the initiation of the coculture. After 72 h, CFSE proliferation was measured ([Figure 4](#fig4){ref-type="fig"}) and a suppression capacity was calculated as described. In all cultures, regardless of using the NALM6 ALL cell line or primary B-ALL as targets, blinatumomab-activated Tregs exerted a significant suppression of Th proliferation (53.6% NALM6, s.e.m. 6.5 and 55.1% ALL, s.e.m. 6.5; *n*=7). Titration of Tregs with a range of 2:1--1:16 into Th1 cultures in the presence of blinatumomab demonstrated a dose-dependent decrease of Treg suppression activity from 40.2 to 7.54% ([Figure 4d](#fig4){ref-type="fig"}). These findings indicate that blinatumomab-activated Tregs are able to suppress Th1 function in a dose-dependent manner. Similar suppression results were seen with bulk CD3 T cells and CD8 T cells (data not shown).

Tregs suppression does not use soluble factors
----------------------------------------------

To evaluate whether Tregs activated by blinatumomab are able to suppress conventional T cells in a contact-dependent or contact-independent manner, we performed a transwell experiment. The bottom chamber was loaded with freshly isolated and CFSE-labelled conventional T cells activated by blinatumomab. At the top chamber, Tregs or Th1 cells were cultured in media with blinatumomab, and the NALM6 target cells as a control. After 72 h, Th cells in the bottom chamber were collected and proliferation was analysed by FACS. There was no influence on the proliferation capacity of the conventional T cells whether it was incubated with Tregs or Th1 cells at the top chamber with a division index of 0.667 and 0.6198 ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}).

Overall, these findings indicate that Tregs suppress Th cells after activation by blinatumomab-targeted ALL cells in a contact-dependent manner and therefore might have a major role for the reduced efficiency of blinatumomab therapy in patients with elevated Treg frequencies.

Tregs activated with blinatumomab reduce the cytotoxic activity of effector T cells
-----------------------------------------------------------------------------------

Blinatumomab-induced lysis of B-ALL is mediated by cytotoxic T cells. Therefore, we developed an assay in which Tregs were activated by blinatumomab for 72 h in the presence of target cells before being placed together with fresh NALM6 target cells. Activated Tregs derived from four healthy donors were able to reduce significantly the lytic activity of both purified CD3 and to a greater extent also CD8 T cells ([Figure 5](#fig5){ref-type="fig"}). In contrast, non-activated Tregs failed to reduce the blinatumomab lytic activity of T cells (data not shown).

Depletion of Tregs in patient samples increased proliferation of PBMCs after blinatumomab
-----------------------------------------------------------------------------------------

In the clinical studies, patients with elevated levels of Tregs had an inferior outcome of treatment by blinatumomab. Therefore, we addressed the question if depletion of Tregs would be a feasible strategy to overcome this limitation. To this end, we developed a strategy to deplete Tregs in samples of patients who failed blinatumomab therapy and showed elevated levels of Tregs in the peripheral blood. At first, we focussed on the activation marker CD25. We excluded this possibility as it was technically not sufficient to deplete Tregs significantly in frozen samples. Therefore, we used CD39 (used exclusively on Tregs) to develop a depletion strategy by using the magnetic bead separation technique with frozen patient samples, which was drawn before blinatumomab therapy ([Figure 6a](#fig6){ref-type="fig"}). About 50% Treg depletion was achieved in patient samples after depletion of CD39+ cells, reducing the percentage of Tregs from 15.7% (s.d. 2) to 7.3% (s.d. 1.1), which resembles the physiological percentage of Tregs. Next, we compared the proliferative response of CD3+ T cells from non-responding patient PBMCs before (untouched PBMCs) and after depletion of CD39+ Tregs (Treg-depleted PBMCs). In total, three patient samples could be analysed with high amounts of Tregs and no clinical response to blinatumomab therapy. For analysis, the proliferation rate of untouched PBMCs was set to 100% proliferation. CFSE dilution was measured after 72 h and analysed with the division index method (see Materials and methods section and [Figure 6b](#fig6){ref-type="fig"}).

Depletion of Tregs in patient samples restored the blinatumomab-triggered proliferation activity of r/r ALL patient T cells in PBMCs. In all tested samples, the proliferation rate of the CD3+ T cells could be increased to 1.37-fold (s.d. 0.102) compared with the proliferation of untouched PBMCs. This could be shown in both CD4 and CD8 cells (data not shown). Conversely, titration of positively selected CD39 Tregs to PBMCs resulted in a dose-dependent suppression. In the presence of high levels of Tregs (2:1; PBMC Treg depleted:Treg), proliferation decreased with a baseline of 27.7%. The proliferation of PBMC Treg depleted could be restored with a proliferation of 81.7% (s.d. 7.4) when the Tregs were diluted to a ratio of 16:1 ([Figure 5c](#fig5){ref-type="fig"}). Thus, Tregs in patients were functional, could be redirected to blinatumomab and suppress proliferation of PBMCs.

Discussion
==========

The explorative phase II trial AMG103-206 and the confirmatory phase II trial AMG103-211 demonstrated for the first time that monotherapy with a bispecific T-cell-engaging antibody results in clinically relevant tumour response and CRs in over 40% of r/r ALL patients. Results show that \~50% of all treated patients respond to blinatumomab, resulting in a favourable long-term outcome in this dismal patient population. These data have now also been confirmed in a larger phase III trial in r/r ALL by demonstrating that blinatumomab results in a survival benefit when compared with standard chemotherapy-treated patients. In our study, we could show that a single-cell population identified by enumeration of CD4CD25 and FOXP3 Tregs in the peripheral blood is predictive for a response to blinatumomab therapy. Furthermore, a cutoff of 8.525% can be used to identify all blinatumomab responders and simultaneously identify 70% of patients who do not benefit from blinatumomab therapy. Furthermore, we could also show that Tregs suppress the blinatumomab-induced leukaemia control *in vitro* and that depletion of Tregs in blinatumomab-non-responding ALL patients restored the T-cell proliferation. Flow cytometry analyses of patient PBMCs before and during treatment, to describe the T-cell compartment, were previously performed within blinatumomab trials, starting with the minimal residual disease (MRD) setting. The authors did not find any difference between responders and non-responders in the absolute counts of T cells before the start of blinatumomab^[@bib25]^ and also in all T-cell subsets tested. We also did not find any correlation of responder patients to the initial T-cell numbers and different T-cell subsets such as CD4, CD8, naive and memory T cells ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}). Blinatumomab as a T-cell engager increased the absolute counts of CD3 cells and the percentage of activated T cells in peripheral blood in the MRD setting during the first cycle.^[@bib25]^ Mostly, T effector memory cells CD45RA−/CD197− could be detected as the expanding CD8 population. Zugmaier *et al.*^[@bib12]^ found a positive correlation between the expanding capacity of CD3 T cells to blinatumomab and the long-term surviving r/r ALL patients, but failed to identify any predicting T-cell markers before therapy for the non-responding MRD-positive patients. In contrast to these results, we could demonstrate that a high percentage of Tregs in non-responding patients is predictive to determine the outcome of blinatumomab. Based on the observation that Tregs may have an influence to blinatumomab therapy, we verified whether Tregs can be activated with this bispecific antibody. Activation markers such as CD25 and CD69 were upregulated in response to ALL blasts coated with blinatumomab, resulting in marked suppression of proliferation of effector T cells. In addition, there is no difference whether Tregs were activated either with different primary ALL blasts with different expression levels of costimulatory/inhibitory ligands or ALL cell lines. Thus, the identified mechanism is not due to different ALL blasts and their variety in costimulatory ligands but rather due to absolute numbers of Tregs in the given individual patient. In both the MRD setting and in the r/r ALL setting, blinatumomab responders demonstrated a marked T-cell proliferation, whereas the non-responders failed to show a significant increase in absolute T-cell numbers upon blinatumomab therapy. This observation has been documented both in the MRD setting^[@bib25]^ and in the r/r setting in patients who achieved either a molecular remission or a CR/CRh+ in the respective setting. In our study, the high amount of Tregs dampens the proliferative capacity of T cells in response to blinatumomab. We could demonstrate *in vitro* that high amounts of Tregs reduce the proliferation of patient-derived T cells. Thus, it is conceivable that low proliferative response invertible correlates with the outcome of blinatumomab therapy. We also could generate *in vitro* data that show a significantly reduced lysis capacity of CD3 and CD8 effector T cells if preactived Tregs were present in the vials. These data suggest a second mechanism of blinatumomab treatment failure by Tregs ([Figure 5](#fig5){ref-type="fig"}). In our study, we screened for other predictive markers of therapeutic success just as part from the T-cell compartment. To this end, as described previously, a higher tumour burden was seen more frequently in r/r ALL not responding to blinatumomab^[@bib13]^ and could be confirmed in our analysis ([Table 2](#tbl2){ref-type="table"}). Interestingly, high Ki67 expression as a marker for proliferation of tumour cells in the bone marrow did not correlate with the response to blinatumomab ([Supplementary Table 3](#sup1){ref-type="supplementary-material"}). This marker has been shown to predict response to treatment of naive B-CLL patients with an advanced stage and in line with a poor prognosis due to failed therapies.^[@bib26]^

Mechanisms of immunosuppression by Tregs are the secretion of inhibitory cytokines, the induction of cytolysis, metabolic disruption and targeting dendritic cells.^[@bib27]^ The cytokine profile of the Tregs redirected with blinatumomab in coculture with NALM6 showed the secretion of IL-10, the hallmark cytokine of Tregs. IL-10 has shown to mediate Treg-induced T-cell suppression but other reports have shown that IL-10 can also restore T-cell immunity.^[@bib28]^ The TH-1 cytokines IFN-γ and TNF-α were rarely produced by Tregs in contrast to CD4/25− cells. The results are in concordance with a study in which Tregs redirected with a CD3xPSCA bispecific antibody showed the same cytokine profile as in our study.^[@bib29]^ IL-10 production is not the only factor in mediating blinatumomab-induced suppression, as our transwell experiments showed that cell-to-cell contact-mediated suppression is essential for suppression. Whether the granzyme B-mediated kill function of Tregs^[@bib27],\ [@bib30]^ as a cell-to-cell contact mechanism has a major role in inducing the suppression remains unclear.

At our centre, 67% of the patients treated within the blinatumomab trials had low Treg numbers (defined with a cutoff of 8.525%), and among those with low Treg numbers, the response rate was 78.6%. This very high response rate within this subgroup of r/r ALL patients has also been reported for r/r ALL patients treated with chimeric antigen receptor (CAR) T-cell therapy.^[@bib7],\ [@bib8],\ [@bib9],\ [@bib31]^ Nevertheless, patients with high Treg numbers, using the same cutoff of 8.525% Tregs in the peripheral blood had a 100% failure rate to blinatumomab. Thus, why would CAR-T-cell therapy overcome this potential resistance mechanism of redirected T-cell therapy? At first, all CAR-T trials use a preparation chemotherapy backbone, which always includes cyclophosphamide and fludarabine. Both chemotherapy agents have been shown to reduce Treg numbers^[@bib32],\ [@bib33],\ [@bib34]^ in solid cancer and CLL patients. Furthermore, a major difference between both successful approaches using T cells to control leukaemia is that CAR-T cells are cultured for several weeks in an environment with CD3/CD28 beads, which favours the expansion of functional T cells and reduces Treg population. Nevertheless, the current CAR-T-cell reports in r/r adult patients do neither reveal any detailed information on the T-cell subset infused to patients nor correlate response to the T-cell phenotype of the infused CAR-T product.

The development of a biomarker test to predict the outcome of blinatumomab therapy in r/r ALL has to be evaluated prospectively. Should these trials confirm our key study result for predicting the response to blinatumomab this could (i) identify upfront patients who will benefit from blinatumomab, (ii) identify patients who would benefit from other approaches in r/r ALL such as inotuzumab^[@bib35]^ and CAR-T-cell therapy and (iii) would be cost effective.

In addition, if such prospective trials can confirm the biomarker approach, these would also suggest that blunting the Treg function *in vivo* might be a potential strategy to convert patients with a low chance of responding to high responders with blinatumomab. One opportunity is a treatment of patients with cyclophosphamide or fludarabine before blinatumomab therapy to reduce Tregs.^[@bib33],\ [@bib34]^ In addition, checkpoint inhibitors, such as PD-1-blocking antibodies, may also prevent immunosuppressive effects of the blinatumomab-activated Tregs. Furthermore, PD-1 blockade has also been shown to induce a T-cell response to neoantigens in melanoma and non-small-cell lung cancer patients.^[@bib35],\ [@bib36]^ Although ALL shows an average low rate of neoantigens when compared with melanoma and non-small-cell lung cancer,^[@bib37]^ the combination therapy of T-cell-engaging bispecific antibody construct with PD-1 may still induce long-lasting immune surveillance in this hard-to-treat population of r/r leukaemia.

In summary, we can show that Tregs have a crucial role both on a cellular level as well as in the clinical setting in ALL patient treatment with blinatumomab. The percentage of Tregs that predicts responders before blinatumomab therapy could become an important biomarker to select patients (i) for treatment with a higher chance to respond to the costly bispecific antibodies and also (ii) not expose patients with a small chance to respond but to develop significant toxicity. A larger clinical study is necessary to further validate this promising marker for clinical treatment with blinatumomab in ALL patients.^[@bib38]^
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![Tregs in patient material before therapy. FACS analysis of patient material before therapy. Dot plots show the percentage of CD4+CD25+FOXP3+ Tregs. One exemplary patient from the responder and one of the non-responder group is shown.](leu201741f1){#fig1}

![Classification performance of the final regression model with Tregs as a predictor. (**a**) Density of the predicted probability for responders (red) and non-responders (blue); dots denote the prediction values of individual patients. (**b**) Percentage of Tregs (logarithmic scale) in both groups coloured by model-based response prediction with a classification threshold of 50% prediction probability. This yields an internal accuracy of 83.3% and an estimated cross-validation accuracy estimate of 81%.](leu201741f2){#fig2}

![Activation and cytokine production of Tregs engaged by blinatumomab. (**a**) FACS analysis of upregulation of CD69, CD25 and PD-1 on Tregs of a healthy donor cocultured with NALM6 (ALL cell line) cells (red) or ALL primary blasts (blue) after 24 h stimulation with or without blinatumomab. One representative experiment out of seven (**b**) *x*-fold MFI of the markers CD69, CD25 and PD-1 of Tregs engaged by blinatumomab NALM6 or ALL cells. No significant difference between stimulation via NALM6 or primary ALL blasts, *P*-value\>0.05. (**c**) Results of seven different healthy donors and six different ALL blasts from ALL patients. Cytokine profile of TH-1 (CD4+CD127high, CD25low---black) and Tregs (white) after 24 h stimulation with (+) or without (−) antibody and the cell line NALM6. Cytokine production of five different donors measured in the supernatant with cytometric bead array (CBA) technology.](leu201741f3){#fig3}

![Suppression of proliferation in TH-1 cells cocultured with Tregs. (**a**) CFSE proliferation assay of TH-1 cells cocultured with ALL cells with blinatumomab (black) or without blinatumomab (grey) after 3 days. (**b**) Antibody-stimulated TH-1 cells (black) cocultured with ALL cells and Tregs and TH-1 cells unstimulated without antibody cocultured with ALL and Tregs as a control. (**a** and **b**) One representative experiment out of six. (**c**) Suppression of proliferation in CD4CD25− cells in six healthy donors cocultured with blinatumomab-redirected Tregs, primary ALL blasts (blue) and NALM6 (red), *N*=6. (**d**) CFSE proliferation of TH-1 cells suppressed by titration of Tregs in different ratios to Th cells. Different experiments of five healthy donors.](leu201741f4){#fig4}

![Tregs activated with blinatumomab reduce the cytotoxic activity of effector T cells. (**a**) Untouched isolated CD3 and CD8 cells were cocultured with the CFSE-labelled target cell line NALM6. Tregs were added at a 1:2 Treg-to-effector cell ratio and activated with 50 ng/ml blinatumomab. After 3 days, Treg preincubation samples were loaded with CFSE-labelled NALM6 and apoptosis was measured after 24 h by Annexin V staining (*n*=4). (**b**) Significantly reduced apoptosis was detected in samples coincubated with Tregs, CD3 or CD8 cells and blinatumomab.](leu201741f5){#fig5}

![Tregs suppress proliferation of CD3 cells in patient PBMCs engaged with blinatumomab. (**a**) Depletion of Tregs in patient PBMCs. CD39 was coexpressed on Tregs in some patient PBMCs. CD39+ cells were depleted out of the PBMCs with CD39 staining and MACS bead technology. Proliferation was measured in CFSE-stained PBMCs with (blue) or without (red) Treg depletion (**b**) cocultured with NALM6 and +/- blinatumomab. (**c**) Significantly increased proliferation in CFSE-stained PBMCs after depletion of Tregs in comparison with not depleted PBMCs, *P*-value\<0.05. Proliferation assay of PBMCS from three different ALL patients cocultured with NALM6 cells and the antibody blinatumomab. Proliferation was measured by CFSE dilution after 3 days (described in Materials and methods section). Tregs were depleted by CD39 selection and reincubated with PBMCs in the ratio 1:2 Tregs to PBMCs up to 1:16 Tregs to PBMCs.](leu201741f6){#fig6}

###### Patient characteristics

                                           *All patients,*N=*42*   *All patients MT211 study,* N=*189*   *All patients MT206*, N=*36*
  --------------------------------------- ----------------------- ------------------------------------- ------------------------------
  Male, *n* (%)                                  28 (67%)                       119 (63%)                          22 (61%)
  Median (range) age, years                     42 (20--77)                    39 (18--79)                       32 (18--77)
                                                                                                                       
  *Age group,*n*(%)*                                                                                    
  18--\<35 years                                 19 (45%)                       90 (48%)                              NA
  35--\<55 years                                 10 (24%)                       46 (24%)                               
  55--\<65 years                                  2 (5%)                        28 (15%)                               
  ⩾65 years                                      11 (26%)                       25 (13%)                               
  Prior allogeneic HSCT, n (%)                   15 (36%)                       64 (34%)                           15 (42%)
                                                                                                                       
  *Bone marrow blast count,*n*(%)*                                                                      
  \<50%                                          16 (38%)                       59 (31%)                          Median 77%
  \>50%                                          26 (62%)                       130 (69%)                              
  CR or CRh during the first two cycles          22 (52%)                       81 (43%)                           25 (69%)
                                                                                                                       
  *Prior salvage therapy,*n*(%)*                                                                        
  None                                            5 (12%)                       38 (20%)                           18 (50%)
  1                                              10 (24%)                       77 (41%)                           11 (31%)
  2                                              15 (36%)                       42 (22%)                           7 (19%)
  ⩾3                                             12 (28%)                       32 (17%)                               

Abbreviations: CR, complete remission; CRh, CR with partial haematologic recovery; HSCT, hematopoietic stem cell transplantation; NA, not applicable.

###### Analysis of potential prediction markers

  *Variable*                     *Non-responder*   *Responder*   P*-value*                          
  ----------------------------- ----------------- ------------- ----------- ------- ------- ------- ---------
  Age                                  34              20           69        38      21      77    0.47241
  LDH                                 402.5            182         1860      211.5    119     904   0.00321
  Blast cells local                   0.78             0.2         0.95       0.4    0.04      1    0.00934
  CD3 abs. numbers                   0.0845             0          1.077     0.569   0.001    1.4   0.06976
  Treg Perc.FoxP3                     14.25           5.65          73       8.75     3.2    14.2   0.00024
  Treg Perc.CD25/FOXP3                10.25           3.36         65.9      4.82    1.79    8.34   0.00010
  Ratio Treg/CD3 abs. numbers         0.077           0.023        1.985     0.045   0.018   0.112  0.01261

                             *Non-responder*   *Responder*   P*-value*
  ------------------------- ----------------- ------------- -----------
  Sex                                                             
   Male                            17              11          0.023
   Female                           3              11             
                                                                  
  *AlloTx before therapy*                                   
   Yes                              8               7          1.000
   No                              12              15             

Abbreviations: AlloTx, allogeneic stem cell transplantation; LDH, lactate dehydrogenase.
